We report on a method to produce free-standing graphene sheets from epitaxial graphene on silicon carbide (SiC) substrate. Doubly clamped nanomechanical resonators with lengths up to 20 µm were patterned using this technique and their resonant motion was actuated and detected optically. Resonance frequencies of the order of tens of megahertz were measured for most devices, indicating that the resonators are much stiffer than expected for beams under no tension. Raman spectroscopy suggests that the graphene is not chemically modified during the release of the devices, demonstrating that the technique is a robust means of fabricating large-area suspended graphene structures.
Graphene is a two-dimensional crystal of carbon atoms arranged in a honeycomb lattice. It is a zero band gap semimetal with very unique electronic and optical properties including extremely high carrier mobilities, room temperature quantum Hall effect, and plasmon amplification, to name a few. [1] [2] [3] This has led to a tremendous rise in theoretical and experimental research investigating graphene for applications such as ultra-high-speed field-effect transistors, p-n junction diodes, terahertz oscillators, and low-noise electronic and optical sensors. [3] [4] [5] [6] [7] Graphene also has excellent mechanical properties and is a leading contender for nanoelectromechanical systems (NEMS). Graphene's Young's modulus is ∼1 TPa, 8 which is at least six times that of silicon. The strong in-plane bonding coupled with the weak interplanar van der Waals interaction makes it possible to fabricate extremely thin resonators, down to the limit of a single monolayer. Also, the chemical inertness of graphene makes it well suited for routine lithographic processing.
Epitaxial growth on silicon carbide (SiC) is a very promising method for large-scale production of graphene. In this method, single crystal SiC substrates are heated in vacuum to high temperatures in the range of 1200-1600°C
. Since the sublimation rate of silicon is higher than that of carbon, excess carbon is left behind on the surface, which rearranges to form graphene. In order to study the properties of epitaxially grown graphene, it would be beneficial to isolate the graphene from the substrate. For example, it has been reported that the electronic mobility of suspended exfoliated graphene is ∼10 times larger than that of exfoliated graphene supported on a substrate. 9 Also, graphene nanoelectromechanical devices have great potential for ultrasensitive mass, force and charge sensing. 10, 11 Thus motivated, in this Letter, we produce nanomechanical suspended epitaxial graphene (SEG) resonators. Resonance measurements using optical interferometry and nanoindentation using an atomic force microscope (AFM) cantilever are employed to probe the mechanical properties of these doubly clamped structures.
Graphene was grown epitaxially on the silicon face of a chemically mechanically polished 4H-SiC substrate in a sublimation chamber by heating the substrate under a vacuum of ∼10 -5 Torr at 1400°C for 1 h. SiC is chemically a highly resistant material and it is typically patterned using dry etching techniques. However, the plasmas involved in the dry etching process will destroy the graphene and are incapable of undercutting. Hence, a wet etching process was developed to etch the SiC and suspend the graphene.
Doubly clamped structures were defined on graphene using photolithography. A schematic of the fabrication and wet etching process is shown in Figure 1 . Fabrication of the devices proceeded by evaporating 100 nm of gold as contact pads, which also served as masks for the wet etch process outlined below. Graphene was then patterned using standard photolithographic techniques and an oxygen plasma etch. The wet etching technique used to etch the SiC followed the photoelectrochemical etching procedure of Kato et al. 12 Aqueous potassium hydroxide (1%) was used as the electrolyte, and the etch was performed at room temperature using a 100 W mercury arc lamp as the source of UV light. The undercut caused by the isotropic etch was sufficient to release the graphene sheets. The current during the etch process was ∼1.2 mA/cm 2 and the etch rate was ∼1 µm/h. The etch was performed for 4 h. The etched area is determined by the spot size of the light source, and the amount of undercut decreases as the light intensity falls off from the center of the focused light spot. Because of the nonuniformity of the light spot, the etch depth over the etched region varies from ∼1 to ∼8 µm, as measured by profilometry. The yield for the devices is 80-90%. To our knowledge, this is the first time a wet etching process has been tried with graphene on SiC. A scanning electron microscope (SEM) image of arrays of doubly clamped SEG devices produced by this technique is shown in Figure 2a . This technique works even for extremely thin (few layer) graphene, as evidenced by the electron transparency of the device shown in Figure 2b . Devices with dimensions ranging from 3 to 20 µm in length and 0.5 to 3.5 µm in width were successfully produced. The thickness of the graphene devices used in this study is estimated to be 1 nm (see Supporting Information). The devices were dried using a critical point drying technique to prevent surface tension-induced breaking.
Raman spectroscopy was performed on the graphene before and after the photoelectrochemical etch process ( Figure 2 ). Raman spectra were collected using a Renishaw InVia micro-Raman system with an excitation wavelength of 488 nm. A blue-shifted G-peak at ∼1587 cm -1 and a 2D peak at ∼2719 cm -1 are observed for graphene on SiC (after background subtraction). This blue shift has been attributed to compressive strain in the graphene grown on SiC.
13 A disorder-related D peak is barely visible. The Raman spectrum of a SEG device shows the G peak at ∼1580 cm . These red-shifts for the suspended graphene are consistent with the hypothesis that registry with the substrate is the cause of the original blue shift. After the etch, a prominent D peak is observed at ∼1354 cm -1
. We attribute the D peak to disorder introduced in the graphene either during photolithographic processing or during the etch. However, there is no significant broadening of the G-peak in the suspended devices as has been observed for graphene oxide or functionalized graphene. 14 Thus, we conclude that the chemical structure of the graphene has not been adversely affected by the etching procedure.
AFM images and close-up SEM images of the SEG resonators in Figure 3 show that the resonators are buckled along their lengths. AFM line profiles along the lengths of two of the devices in Figure 3 (a)-(b) provide a sample of the different configurations assumed by the buckled beams. The buckled shapes in the figure have been fit using sinusoidal waveforms. Indeed, epitaxial graphene on SiC is under compressive stress, as evidenced from the blue shifts in the Raman spectra. 13 The strain is given by ε ) (∆ω/ω)/ γ, where ∆ω is the change in Raman wavenumber from the unstrained value ω, and γ is the Grüneisen parameter, which is ∼1.8 and ∼2.7 for the G and 2D modes, respectively. 15 The calculated value of the strain for our devices is ∼0.2%. The corresponding compressive stress is orders of magnitude higher than the critical buckling load for the SEG resonators (see Supporting Information). Hence, we expect the graphene beams to be buckled. In addition, Figure 3c shows that the SEG resonators have "side-flanges" and curvature along the width, that make their cross sections look roughly like those of inverted U-channel beams. Also, many devices have local crinkles, as annotated in Figure 3d .
Mechanical resonance measurements were performed at room temperature under vacuum (∼10 -6 Torr) using an optical actuation and detection technique identical to that described elsewhere. 11, 16 In this technique, the intensity of a blue diode laser (405 nm) focused on the device is modulated at a known frequency, leading to periodic thermal expansion and contraction of the graphene layers. This motion of the graphene is detected using reflected light from a red laser (633 nm) coupled to a fast photodiode. The fundamental resonance mode, f o , for a doubly clamped beam under no tension is given by 17 where E is the Young's modulus, F is the mass density, t and L are the thickness and length of the beam respectively, and the clamping coefficient, A, is 1.03. For micrometersized graphene beams with lengths in the range 3-20 µm and thickness of 1 nm, eq 1 predicts fundamental modes in Figure 4 shows the measured frequencies for SEG devices of different lengths. The inset shows the measured resonance for a sample device. Q factors in the range of 50-400 were observed for most devices. Also plotted in Figure 4 are the resonances expected from eq 1. The measured resonance frequencies are much higher than those predicted by eq 1. Built-in tension is one of the factors responsible for increased frequencies in graphene resonators. 11, 18 However, as discussed earlier, the SEG resonators are not under tension and instead are buckled. We hypothesize that their inverted U-shaped cross section contributes to their increased rigidity. A model calculation showing how the U-shaped cross section could explain the increased resonance frequency for a device is included in the Supporting Information. The scatter of the data for the SEG resonators suggests that the resonance frequency of the devices depends strongly upon the local geometry. The variability in the configuration of buckled beams, local crinkling, and the inverted U-shaped cross section do not lend themselves easily to analytical modeling. Accurately predicting the resonant frequencies for the devices would require knowledge of the local geometry from a combination of AFM and SEM images and the residual stress in the devices postbuckling. Then, a finite-element analysis, similar to the one performed by Robinson et al., 19 would be needed to calculate the vibrational modes of the devices.
In order to remove possible photoresist residues, the suspended devices were then annealed in an Ar/H 2 atmosphere (Ar/H 2 flow rates 400/600 sccm) at 400°C for 1 h. 20 However, the annealing process destroyed many of the devices. The rupture could have been a result of either the high gas flow rates or thermal mismatch/adhesion issues between the gold contact pads and graphene. The SEG resonators that survived the anneal were again probed using laser interferometry. The frequencies of all SEG resonators went up postanneal (Figure 5a) . Also, Q factors close to 10 3 were observed for some devices (Figure 5b ). Figure 5c shows SEM images of the same device before and after the annealing process. The reduction in the length of the sideflanges suggests increased tension in the annealed devices. Increased tension and possible residue removal could account for the higher frequencies and Q factors postanneal. Finally, a calibrated AFM cantilever was used to probe the local stiffness of the devices following the anneal. A schematic of the nanoindentation experiment is shown as an inset in Figure 6 . In this experiment, the cantilever tip is pushed against the center of the suspended sheet in the tapping mode. As soon as the tip makes contact with the graphene, the free amplitude of vibration of the cantilever goes to zero. The applied force of the cantilever tip against the sheet causes the tip to deflect and also causes the sheet to bend. The tip displacement, the piezo displacement, and the bending of the graphene sheet are related by z piezo ) z graphene + z tip , where the positive z-axis points downward and all distances are measured along it. Figure 6a presents force-deflection curves for one of the SEG devices that displayed reproducible behavior using multiple cantilevers (see Supporting Information). The low-force portion of the nonlinear force-displacement curves may be fit by a linear spring constant K 1 . It is seen that K 1 is much larger than the spring constant expected from standard beam theory for beams under no tension, K beam , given by 21 (Figure 6b ). We also compare K 1 with the stiffness deduced from laser interferometry experiments postanneal. The spring constant of the mode excited by optical resonance measurements is given by
Comparing K 1 and K opt for the resonators, we find that K opt is greater than K 1 by roughly an order of magnitude. This suggests that local rigidity is lower than global stiffness for these devices, which is indicative of local bending and stretching during the nanoindentation experiments.
In conclusion, we report a method for large-scale production of doubly clamped suspended epitaxial graphene resonators from graphene on SiC by a photoelectrochemical wet 
